Abstract-It is poorly understood how developers discover and adopt software development innovations such as tools, libraries, frameworks, or web sites that support developers. Yet, being aware of and choosing appropriate tools and components can have a significant impact on the outcome of a software project. In our study, we investigate link sharing on Stack Overflow to gain insights into how software developers discover and disseminate innovations.
I. INTRODUCTION For many software developers, contemporary software development is increasingly less characterized by writing code and more by the need to aggregate, compose, and debug a diverse set of languages, components, services, and code snippets into functioning systems. In this constantly changing software development landscape, using up-to-date tools and techniques can potentially be both a competitive advantage and an important factor in attracting and keeping the most skilled employees.
In our previous work, we explored what we term the social programmer ecosystem and how diversity in technical knowledge and a demonstrated ability to quickly learn, adopt, and disseminate new software development innovations are seen as valued traits amongst certain groups of software developers and companies [6] . Developer communities like Stack Overflow are integral components of this ecosystem. They allow developers to share knowledge about specific issues in a just-in-time manner, and enable the expedited expertisebuilding software developers require to navigate the myriad of options and decisions that characterize contemporary software development.
According to Rogers [5] , an innovation is "an idea, practice, or object that is perceived as new by an individual or other unit of adoption." Through a diffusion process, innovations are "communicated through certain channels over time among the members of a social system." Understanding, supporting, or even thwarting the adoption of innovations by individuals and organizations is the subject of a large body of research on the diffusion of innovations.
However, how developers and software companies discover and adopt new software development innovations -e.g., languages, platforms, libraries, or best practices -is a little understood but important part of contemporary software development. In this paper, we investigate link sharing on Stack Overflow to determine if developers disseminate software development innovations by sharing URLs with other developers. We strive to answer the following research questions:
1) What types of links do developers share on Stack Overflow and do these links point to software development innovations? 2) What types of links are most frequently shared on Stack Overflow? 3) Which website domains are most frequently referenced by links on Stack Overflow? By answering these questions, we hope to inform research into innovation diffusion in software development, and guide researchers and practitioners who build tools and services that support software developers in the exploration, discovery, and adoption of software development innovations.
II. DATASET
To address the above research questions, we analyzed posts contained in the August 2012 Stack Overflow dataset provided by the MSR challenge [1] . Using a combination of regular expressions, we mined the text of the posts for URLs (links) posted by Stack Overflow users. This allowed us to generate a list of unique links and the number of times each link was cited in posts from the dataset. We strived to extract only what would be presented to the user as clickable links on the Stack Overflow website. We ignored raw URLs embedded in the text of the post as we do not consider these URLs as an attempt at link sharing. Using this process, we identified 1,999,026 unique links and 4,197,085 total link citations.
III. TYPES OF LINKS SHARED ON STACK OVERFLOW
To help validate our hypothesis that developers disseminate software development innovations through link sharing, we characterized the type and content of the links shared on Stack Overflow. To accomplish this, we performed a manual classification of a random sampling of 1000 links from the dataset described above. We used the following coding protocol.
Step 1: Construct the coding schemas-We extracted a random sampling of 100 links from our link dataset and then all three authors independently coded the random sample, identifying a set of appropriate categories. We then combined our individual codes to form two final coding schemas: one to classify the website type (Blog, Official Documentation, etc.), and one to classify the website content (Reference, Tool Tutorial, etc.) .
Step 2: Coding the links-Two of the authors then applied this combined coding schema to a 1000 link random sample extracted from the link dataset. Each coder worked independently to categorize the websites according to website type and content type. If a coder judged that a website did not fit one of the existing categories, it was assigned to a generic 'Other' category.
Tables I and II present the results of this analysis. Category is the classification derived from Step 1. while Count is the number of links that were categorized under the corresponding classification by both coders. We used Cohen's kappa to measure inter-rater agreement between the two coders, achieving .82 and .79 for the Website Type and Website Content classifications respectively. The small number of links where the coders did not agree on the classification are not represented in tables I and II.
A. Website Type Findings
We observed a large number of 404 (page not found) errors when classifying links: more than 18% (185) of the 1000 sampled links were not available. This link rot 1 represents a significant issue with websites like Stack Overflow and is one of the reasons users are encouraged to duplicate content rather than just post links in their answers 2 . Ignoring 404 errors, Official Documentation was the most frequently referenced website type. This type also frequently co-occurred with Reference and API content types. Official documentation is seemingly still important even when the 'crowd documentation' produced by the Stack Overflow community is available.
The Wiki classification arose from a high number of links to Wikipedia articles found when we created the coding schema. This trend was repeated in the larger sample, in which approximately 5% of URLs linked to Wikipedia. These frequently cooccured with the Reference and Design/Architecture content types. Most articles referenced were related to foundational concepts in computer science and software engineering. This is significant in that it suggests that different online resources are being used by developers for communicating different types of information.
B. Website Content Findings
After classifying the content of the analyzed websites, the most frequently cited content type identified was Reference. This content type is associated with websites that contained detailed technical information on a specific topic and were usually more general than tutorials or examples. As noted 1 http://en.wikipedia.org/wiki/Link rot 2 http://samsaffron.com/archive/2012/06/07/testing-3-million-hyperlinkslessons-learned above, these reference documents often form part of a library's or API's official documentation. This finding suggests that the online resources developers use and share are a complex hybrid of crowdsourced Q&A, combined with official vendor documentation.
Tools (IDEs, Databases etc.) were the second most frequently cited link in our sample. This is a significant finding in itself, however, if taken together with the API and Library classifications -with all three directly relevant to developing software -they represent the most shared link type at over 17% of the total sample. This finding lends strong support to our hypothesis that Stack Overflow users share software development innovations through linking. Another important category that emerged in the content classification was the Question category which primarily represents links to other Stack Overflow questions. If combined with the Answer category, these two categories represent a significant proportion of the link sample analyzed. This points to the development of a complex internal linking structure within Stack Overflow. We are not aware of previous research which has demonstrated this finding.
IV. TYPES OF LINKS MOST FREQUENTLY SHARED
To get a different perspective on the data, in addition to our analysis of 1000 random links we performed a further manual analysis of the top 100 most frequently shared links using the coding protocol described previously.
Tables III and IV present the results of this analysis. Category is the website or content type classification, Count is the number of links that were categorized under the corresponding classification by both coders, and Total Citations is the total citation count for links categorized under the corresponding classification. Again, due to a high level of inter-rater agreement (.79 for the Website Type and .8 for Website Content) in tables III and IV, we only present results where both coders agreed on the classification.
A. Website Type Findings
Compared to the results from the random sample of 1000 links, the website types of the top 100 most frequently cited links are much more homogeneous. Official Documentation accounts for the vast majority of links analyzed. This again supports the hypothesis that Stack Overflow is part of a larger ecosystem of interlinked online resources and documentation used and referenced by developers.
Next to Official Documentation, the Project/Product Website category accounts for the majority of the remaining links. This shows that developers refer others to specific products and projects. These links frequently co-occurred with the Tool and Library content types, again supporting our hypothesis that Stack Overflow users share software development innovations through linking.
Of the remaining significant categories, the Wiki category accounts for about 5% of the 100 most frequently referenced links. These URLs all reference specific Wikipedia articles on architectural, security, or computer science topics. This reiterates the findings from the analysis of the 1000 random links and suggests that Stack Overflow users are actively directing developers to Wikipedia for certain foundational topics. This might indicate that Stack Overflow users either consider the content on Wikipedia to be more authoritative or that the Stack Overflow format is not as appropriate to this type of content.
B. Website Content Findings
Compared to the results from the random sample of 1000 links, the website content of the most frequently cited 100 links differs significantly. This time the role of innovation diffusion through link sharing is clearly highlighted by the dominance of the API, Tool, and Library categories. Taken together these three categories represent 62% of the top 100 most frequently cited links on Stack Overflow. We consider this as very strong support for our hypothesis that developers on Stack Overflow share innovations through linking.
V. DOMAINS MOST FREQUENTLY REFERENCED Through our manual analysis of the links posted on Stack Overflow, we identified the types of resources that developers most frequently choose to share with other developers. We verified that innovation sharing is an important part of developer link sharing, but also that Stack Overflow is part of a much larger ecosystem of online resources referenced by developers. To paint a more detailed picture of this ecosystem, we performed an analysis of the most frequently referenced domains contained in our dataset. The results of this analysis are presented in Table V . Domain refers to the domain name of the URL, Unique is the number of unique links for this domain, Total is the total number of citations, and % is the percentage of unique links in terms of the total number of citations for that domain.
A. Most Frequent Domains Findings
Looking at the data in Table V , the number of citations referring to the stackoverflow.com domain immediately stands out. While it is to be expected that developers answering questions on Stack Overflow may refer users to other questions on the site, the large number of these internal links suggests that Stack Overflow is developing a complex internal linked knowledge graph.
The prevalence of platform vendor domains like microsoft. com, oracle.com, apple.com, and python.org largely reflects the popularity of their respective programming languages or platforms on Stack Overflow. However, the ratio of unique to total link citations provides some additional insight into how these domains are referenced by developers. For example, the jquery.com domain has a very high total citation count but a relatively small number of unique links, reflecting a comparatively small API with a very large number of users repeatedly referring to it.
Also of note is the large number of citations for the jsfiddle.net domain. JSFiddle is an online environment where users can post and execute JavaScript examples, and share these examples with others using a unique URL. JSFiddle has become a popular method for developers to try out JavaScript examples and debug JavaScript problems. Its popularity in domains referenced from Stack Overflow provides an insight into software developers' reliance on this tool, and how developers create ad hoc workflows by combining different types of online resources and tools. This paper concentrated on the tools and resources external to Stack Overflow that developers choose to refer other developers to. To our knowledge, we are the first to focus explicitly on link sharing on Stack Overflow and the first to utilize Stack Overflow for the study of the diffusion of software development innovations.
VII. CONCLUSIONS
Link sharing is an important activity on Stack Overflow. Our study shows that a significant proportion of links shared on Stack Overflow are referring readers to software development innovations like libraries and tools. Our results also show that Stack Overflow is part of a much larger ecosystem of online resources used and depended on by contemporary software developers. By mining links from Stack Overflow, we have started the process of charting this ecosystem. Our findings will aid researchers in developing a model of innovation diffusion in software development. Future work will investigate methods for assisting developers discover software development innovations by mining innovation sharing activity.
